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Abstract 
On July 9, 2017, west of the California-Nevada state line, USA, the 2.8 km2 Farad fire burned steep slopes above Interstate 80. 
On the evening of August 18, 2017, a localized convective storm produced short-duration, moderate-intensity rain, which in turn 
triggered debris flows in a historically inactive basin. These flows impacted Interstate 80. At least four additional debris flows, 
not related to wildfire, have occurred along this section of road since 2013, but during much higher intensity rainfall. Here we 
utilize the history of pre- and post-fire debris flows along this section of Interstate 80 to explore the impacts of wildfire on debris 
flows. Specifically, we combine pre- and post-fire rainfall data and field measurements with empirical debris-flow models to 
quantify the impacts wildfire had on debris-flow generation and to estimate the likelihood and magnitude of future events. A 
characteristic pre-fire debris flow occurred on July 25, 2013 in a susceptible path ~30 minutes after rainfall began and during 
peak 15-minute intensities of ~50 mm/hr. This event closed both east and westbound lanes of Interstate 80. No other nearby paths 
had debris flows during this rainstorm. In contrast, one month post-fire, on August 18, 2017 a debris flow occurred in a 
historically inactive path, but within an area of high burn severity. Debris-flow initiation occurred ~30 minutes after the 
beginning of rainfall, but with peak 15-minute intensities of only ~26 mm/hr. This amplified rainfall-runoff response is consistent 
with fire-induced changes in soil hydraulic properties for which we measured post-fire decreases of a factor of 2 in field-saturated 
hydraulic conductivity and a factor of 4 in sorptivity. From field measurements, total volume estimates for the August 18, 2017 
post-fire debris-flow event ranged between 1270 and 4700 m3 depending on assumptions regarding pre-event channel geometry 
and volume of hillslope sediment transported. A shallow landslide that liquefied and flowed into the channel contributed ~450 m³ 
of material and was apparently triggered by concentrated overland flow off an old road into the toe slope of a much older deep-
seated landslide. Debris flows eroded most of the travel path above the fan to bedrock and contributed >850 m³ of debris, at a 
nearly uniform spatial rate, both of which suggest this event was likely limited by sediment availability. Just 100-150 m above 
Interstate 80 the flow transported boulders with maximum diameters in excess of 1 m, at peak velocities of ~2-5 m/s. We used the 
analysis of the August 18, 2017 debris-flow event to verify empirical equations developed by the USGS for predicting the 
probability, total volume, and runout distance of post-fire debris flows. We found good agreement between model output and 
observations and hence used these equations to predict characteristics of debris flows likely to occur in the near future.  
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1. Introduction
 Wildfire can dramatically change the hydrologic response of burned watersheds (Doerr et al., 2000; Ebel and 
Moody, 2017; Meyer and Wells, 1997; Moody and Martin, 2001). Debris flows that initiate within a burn scar and 
travel into populated areas are a severe hazard following fire (Cannon et al., 2010). Debris flows can grow 
dramatically through entrainment of sediment along the flow path and have discharges many times that of 
comparable water flows (Kean et al., 2016; McCoy et al., 2012; Santi et al., 2008). Post-fire debris flows represent a 
pervasive hazard that will likely become more prevalent in the future as intense rainfall and wildfire increase with a 
warming climate (IPCC, 2014; Westerling et al., 2006). Hence, there is a growing need for accurate debris-flow 
hazard assessments depicting the likelihood and magnitude of post-fire debris flows, as well as a mechanistic 
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understanding of the magnitude and recovery time of factors that change post-fire hydrologic response. Here we 
present a case study from the Interstate-80 corridor in the Truckee River canyon (Fig. 1) in which we document the 
changing hydrologic response following fire in steep debris-flow-prone basins, verify the predictions of a set of 
empirical equations that make up the USGS emergency post-fire hazard assessment (Gartner et al., 2014; Staley et 
al., 2016) and then apply these equations to explore the probability and magnitude of future post-fire debris flows. 
Fig. 1. Overview of study area in the Truckee River Canyon and site of the July 2017 Farad fire. (a) Bare-earth shaded-relief map derived from 
0.5 m resolution lidar data. Red polygon outlines the basin that experienced a post-fire debris flow on August 18, 2017. The green polygon 
outlines the basin that has had multiple historic debris flows unrelated to wildfire; it was not burned or burned at low severity in the Farad fire, 
but had no debris flow in the August 18, 2017 storm. Inset: Location map showing study location (black square) on the eastern edge of the Sierra 
Nevada mountains (red line) and along the California and Nevada state line. (b) Close-up view of shallow landslide that occurred during the 
August 18, 2017 debris-flow event. (c) Close-up of debris-flow deposits (lighter colored) on the fan above Interstate 80 after the August 18, 2017 
event. (d) Oblique view of Digital Globe Imagery from September 2017 draped over digital elevation model. Red and green boundaries as in (a). 
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2. Characterization of pre- and post-fire rainfall-runoff response
2.1. Characteristics of rainstorms triggering debris flow pre- and post-fire 
Both pre- and post-fire debris flows in this portion of the Truckee River Canyon have been triggered 
predominantly by short-duration, moderate- to high-intensity rainstorms. We compare the pre-fire debris-flow event 
that occurred on July 25, 2013, for which we have the most complete rainfall and timing data, with the post-fire 
debris-flow event that occurred on August 18, 2017 to highlight the amplified rainfall-runoff response following 
fire. The nearest rain gauge that records 15-minute rainfall totals is located 4 km up river. On July 25, 2013 a 
convective storm tracked over this rain gauge, whereas on August 18, 2017 the rain gauge was almost completely 
missed. As an alternative to in situ rainfall measurements we used rainfall rates determined from radar reflectivity. 
Specifically, we used National Oceanic and Atmospheric Administration (NOAA), Next Generation Weather Radar 
(NEXRAD) stage-three precipitation intensity data product. This product incorporates gauge calibration and is 
collected at five-minute intervals (Kitzmiller et al., 2013). NEXRAD precipitation estimates have been used in 
hydrological modeling, and are generally found to compare favorably with gauge data (+/- 25 %), but with under or 
overestimation depending on site and storm characteristics (Cho and Engel, 2016; Habib et al., 2009; Kitzmiller 
David et al., 2013). We calculated a rainfall time series using the mean precipitation intensity of pixels within the 
burn perimeter for each radar image and then decimated the 5-minute resolution data to 15-minute intervals. 
The results of this analysis are shown in Fig. 2. On July 25, 2013, peak 15-minute rainfall intensity was 50 mm/hr 
based on gauge data compared to 90 mm/hr based on radar returns. The July 25, 2013 storm appeared to track 
directly over the gauge so it is unclear why such an overestimation by the radar occurs, especially considering that 
radar-derived intensity commonly underestimates high-intensity rainfall (Habib et al., 2009). We have not looked 
extensively at other storms to see if this overestimation is systematic, but for this analysis we treat radar-derived 
precipitation intensities as maximums. This intense storm only triggered a debris flow in a steep, sparsely vegetated, 
and historically active basin (green outline in Fig. 1). No response was observed in the other more vegetated basins.  
We lack gauge data for the post-fire August 18, 2017 storm, but radar data shows the storm had a peak 15-minute 
rainfall intensity of <26 mm/hr. In this storm, debris flows were triggered only in a severely burned basin (red 
outline in Fig. 1). Debris-flow paths that were not burned, but were historically more prone to debris flows had no 
response. Both storms were of short duration and only exceeded an intensity of 20 mm/hr for ~45 minutes. Post-fire 
peak rainfall intensities required to triggered debris flows were notably ~1/3 to 1/2 of intensities required pre-fire.  
2.2. Soil infiltration properties pre- and post-fire 
To quantify post-fire changes in runoff generation mechanisms potentially responsible for the amplified post-fire 
runoff response, we used a METER Minidisc tension infiltrometer with a radius of 2.25 cm set to a suction of 2 cm 
to make in situ measurements of field-saturated hydraulic conductivity, Kfs and sorptivity, S. We scraped away ash 
from the soil surface and then spread a thin layer of quartz sand to ensure uniform hydraulic contact with the 
Fig. 2. Rainfall data and timing of debris-flow initiation for (a) July 25, 2013, which is characteristic of pre-fire events and for (b) post-fire 
August 18, 2017 event. Upper axis plots rainfall intensity, lower axis plots cumulative rainfall. On July 25, 2013 the storm tracked over a gauge 
recording 15-minute rainfall totals approximately 4 km from the debris-flow path, whereas on August 18, 2017 the storm missed this rain gauge. 
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infiltrometer disc. We recorded total volume of water infiltrated with time. We collected measurements at 10-second 
intervals during the first 60 seconds of the test, after which we decreased the sampling rate to every 15 to 30 seconds 
depending on infiltration rate. We analyzed these data using the methodology in Zhang (1997) and the derivative 
curve fitting technique suggested by Vandervaere et al. (2000) for two layer systems. The sand layer resulted in 
anomalously high infiltration rates for the first 10 to 20 seconds. These data points were discarded.  
The Zhang (1997) methodology uses parameters of the van Genuchten soil water characteristic curve (SWCC) 
model to solve for Kfs and S. For both burned and unburned soils, we measured SWCCs using the simplified 
evaporation method (Fissel and Breitmeyer, 2017; Peters and Durner, 2008). We measured four SWCCs (two 
burned soils and two unburned soils) using a METER HYPROP apparatus as described in Fissel and Breitmeyer 
(2017). We estimated parameters for the van Genuchten SWCC model from the measured SWCC data using non-
linear regression implemented in the proprietary HYPROP-FIT software package. We measured high suction (low 
water content) SWCC data using a METER environment WP4 chilled mirror hygrometer and appended these to the 
HYPROP data prior to fitting. These data were collected in general accordance with ASTM D6836 (ASTM 
International, 2016). Best-fit parameters for van Genuchten SWCC were different between the burned and unburned 
soils, as such, infiltration measurements were processed with parameters specific to burned or unburned soil. 
We made a total of 50 infiltration measurements almost evenly split between soils that were burned at moderate 
to high severity in the Farad fire versus soils that were not burned. Measurements were made over a six-month 
period starting April 2018. Infiltration measurements were grouped into unburned and burned categories for 
subsequent analysis. Additionally, we calculated the wetting front suction head, hf, defined in the Green-Amped 
infiltration model, as a parameter incorporating the competing effects of Kfs and S (Ebel and Moody, 2017). 
We found that burned soils had measurably lower Kfs, S, and hf (Fig. 3). The geometric mean of Kfs for unburned 
soils (49 mm/hr) was a factor of 2.5 higher than for burned soils (19 mm/hr). The geometric mean of S for unburned 
soils (85 mm/hr0.5) was a factor of 4 higher than for burned soils (20 mm/hr0.5). The geometric mean of hf for 
unburned soils (133 mm) was a factor of 7 higher than for burned soils (19 mm). 
2.3. Initiation timing and initiation mechanisms of debris flows pre- and post-fire 
The California Department of Transportation (Caltrans) reported that on July 25, 2013 at ~15:29, Interstate 80 
was struck by a debris flow that closed both east and westbound lanes, which was ~30 minutes after the first rainfall 
and ~15 minutes after rainfall intensities increased above 20 mm/hr (Fig. 2a). Debris flows that impacted Interstate 
80 only occurred in the basin outlined in green in Fig. 1. Post-event decimeter-resolution Digital Globe satellite 
imagery revealed extensive rill networks extending up to the drainage divide and debris-flow levees/deposits along 
the main travel path. No evidence of shallow landsliding was apparent and hence we interpret that this debris-flow 
event was triggered strictly by rainfall runoff and in-channel failure of debris (Kean et al., 2013).  
On August 18, 2017, personal observation by S. McCoy revealed that by 17:40 Interstate 80 had been struck by 
debris flows. We assume that actual time of initiation was 5 to 10 minutes prior to 17:40 given the lack of first 
responders, which would put initiation ~30 minutes after rainfall intensities increased above 20 mm/hr (Fig. 2b). In 
contrast to pre-fire events that had generally been localized to the basin outlined in green, the post-fire event only 
triggered substantial debris flows in the basin outlined in red in Fig. 1, which had been historically inactive prior to 
Fig. 3. Hydraulic properties of soils that were either unburned or burned at moderate to high severity in the Farad fire. (a) Field saturated 
hydraulic conductivity, Kfs. (b) Sorptivity. (c) Wetting front potential. On the box plots, the centerline shows the median, box edges mark the 
lower and upper quartiles, the whiskers extend 1.5 times the interquartile range, and circles show data that fall beyond the limits of the whiskers. 
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being burned. Post-event field surveys revealed high-density rill networks on burned hillslopes that fed into the main 
channel. These observations support an initiation mechanism by rainfall runoff (Kean et al., 2013). However, near 
the headwaters, a shallow translational landslide was found that had failed and entered the channel as a debris flow 
(Fig. 1b). This shallow landslide initiated within an old deep-seated landslide complex and occurred where runoff 
from an old road concentrated overland flow into the headscarp (Fig. 1). Levees were found upstream of the shallow 
landslide giving evidence that debris flows unrelated to the landside were occurring upstream. 
3. Characterization of the August 18, 2017 Post-Fire Debris Flow
To calculate maximum discharge of the largest debris-flow surge front, we estimated the maximum cross-
sectional area of flow as the channel cross-sectional area beneath the maximum height of levee deposits and flow 
velocity using the forced vortex equation with the correction factor for viscosity and vertical sorting set to 1 
(Prochaska et al., 2008). We assumed that minimal changes occurred in the channel after the passage of the peak 
surge that formed the levees. Channel and levee geometry were surveyed with a laser rangefinder, whereas radius of 
curvature of channel were measured on post-event satellite imagery (Fig.1).  
Channel cross-sectional area was measured at eight locations between the fan head and 30 m above Interstate 80, 
at which point channel cross-sectional area abruptly decreased. The mean cross-sectional area was 9.4 m2. Flow 
velocity was calculated at two locations corresponding to the tightest channel bends on the fan. Velocity estimated 
near the fan apex was ~5 m/s whereas the velocity ~100 m above Interstate 80 was ~2.0 m/s. We used the mean 
velocity of flow on the fan and the mean cross-sectional area to estimate a peak discharge of 33.3 m3/s.  
We characterized composition of levee deposits on the fan through random-walk point measurements. Boulders 
greater than 25 cm in diameter and logs greater than 1 m long comprised ~20% of deposits. The average long axis 
length of boulders was 1.2 meters. The average log length measured was 3.4 m. The largest boulder was 2.4 x 1.8 x 
1.5 m and the largest log was 7.6 m long. All objects measured were located within 180 meters of Interstate 80. 
To measure the total volume of material eroded along the flow path we followed the methods of Santi et al. 
(2008) and Gartner et al. (2014) in which eroded volume is estimated as the difference in cross-sectional area 
between post-event channel cross sections and projections of un-eroded hillslopes to the channel center line (Fig. 4). 
Channel shape prior to erosion was assumed to form a perfect V, but channel geometry in adjacent channels where 
limited erosion occurred showed that channels where more flat-bottomed to U-shaped. To test the sensitivity 
between a perfect V-shaped pre-event cross section and a more flat-bottomed one we raised the pre-event channel 
bottom at the centerline by 0.3 m and recalculated entrainment (Fig. 4a). Post-event channel geometry was surveyed 
with a laser rangefinder every ~5 m in areas of large scour and up to every ~50 meters in areas of uniform scour. 
Link distances between cross-sections were measured with the laser rangefinder. Link volumes were found as the 
product of cross-sectional area eroded and link length, which were then summed to calculate total event volume. 
The estimated volume of material eroded due to in-channel erosion was 820 m3 for the V-shaped initial condition 
versus 1900 m3 for a flat-bottom geometry. The cross-sectional area of scoured channel or spatial entrainment rate 
was nearly uniform along the flow path with a mean of 2.1 m2 (Fig. 4b). These estimates are for the portion of 
channel from the base of the landslide to the point of transition from erosion to deposition at the fan head. Above the 
landslide, the channel did not show evidence of significant scour.  The uniformity of entrainment rate was likely due 
to sediment-supply limitations. 80% of the channel length below the landslide headscarp eroded to bedrock at some 
Fig. 4. Measurements of channel entrainment during the August 18, 2017 event. (a) Example of field-surveyed channel cross-section showing the 
two assumed geometries, V-shaped versus flat-bottomed, of the pre-event channel and the resulting area of eroded material (orange polygon 
shown for flat-bottom initial condition). (b) Spatial rate of channel entrainment as a function of distance from the landslide head scarp. 
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point in the channel cross section. The landslide contributed an additional volume of approximately 450 m3, 
resulting in a total debris-flow volume of 1270 m3 for V-shaped or 2350 m3 for flat-bottomed geometry. These 
estimates neglect any contribution of sediment eroded from hillslopes. Previous studies with high-resolution 
topographic differencing or modeling have shown hillslopes can contribute over half of the net eroded volume 
(Staley et al., 2014; McGuire et al., 2016). Significant hillslope contribution to total debris-flow volume is consistent 
with observations of significant hillslope erosion and extensive rill networks. We interpret a minimum debris-flow 
event volume as 1270 m3 with no hillslope contributions and V-shaped initial channel geometry versus a maximum 
event volume of 4700 m3 with 2350 m3 from channel entrainment and 2350 m3 from hillslope erosion.  
3.1. Comparisons of field observations to empirical models of post-fire debris-flow probability, volume, and runout 
We used the empirical logistical regression equations of Cannon et al. (2010) as updated by Staley et al. (2016) in 
which the probability of post-fire debris flows is a function of the proportion of upslope area in burned area 
reflectance class (BARC) Class 3 or 4 with gradients ≥ 23°, the average differenced normalized burn ratio (dNBR) 
of the upslope area, soil erodibility factor (KF-Factor), and peak 15-minute rainfall intensity. To predict expected 
volumes of post-fire debris flows we used the multiple linear regression equation developed by Gartner et al. (2014) 
which is based on the elevation range of the basin, the upstream area that was burned at a high or moderate severity, 
and the peak 15-minute rainfall intensity. This set of equations for probability and volume comprise the core of the 
operational Emergency Assessment of Post-Fire Debris-Flow Hazard by the USGS. Our inputs vary slightly from 
that used in the operational USGS model. Instead of using the soil characteristics in US digital soil database 
STATSGO (Schwarz and Alexander, 1995) to calculate the KF-Factor we took two soil samples from the burn site 
and characterized soil structure as well as measured grains size distributions and organic content using standard 
sieve and hydrometer methods (ASTM D422-63; ASTM D1140-00) (ASTM International, 2017). The KF-Factor of 
the soil was then determined for each soil using the nomograph provided by the National Resources Conservation 
Service’s National Soil Survey Handbook, Part 618, Subpart B. Our KF-Factor from in situ measurements was 
0.075, which was substantially lower than the value calculated from the soil database parameters, ~0.25, which in 
turn lowered our calculated probability of occurrence by ~10 to 20% as compared to the published USGS hazard 
forecast. Additionally, the geometry of the basin in which the August 18, 2017 event occurred (red outline in Fig. 1 
and basin 67 in Fig. 5) is unique with an extremely low-gradient headwaters that transition to the steep debris-flow 
prone lower basin. The upper basin does not appear to contribute debris-flow sediment to the lower basin and was 
removed for the volume calculation. For probability and volume predictions, we selected a 15-minute rainfall 
intensity for a five-year storm (38 mm/hr) from the NOAA Atlas 14 precipitation frequency data server.   
The basin in which the August 18, 2017 post-fire event occurred (red outline in Fig. 1 and basin 67 in Fig. 5) had 
a predicted probability of 30% for debris-flow occurrence in response to 15-minute rainfall intensity of 26 mm/hr. 
Basin 101 had an estimated 37% probability for the same precipitation intensity, and there was also a small debris 
flow that occurred in this basin, but it was intercepted by a dirt road before it could develop significantly. 
Nevertheless, the two drainages with the highest probability of occurrence for the August 18, 2017 precipitation 
intensity were the only ones that showed evidence of debris flows. The predicted volume for 26 mm/hr precipitation 
intensity in Basin 67 was 3950 m3, which is consistent with the upper range of our field-measured volume. The 
predicted volumes for a 5-year storm event for the basins most likely to experience a post-fire debris-flow event as 
numbered in Fig. 5 are 6500 m3, 4700 m3, 3900 m3, 6000 m3 for basins 67, 101, 20, and 139, respectively. 
We estimated expected planimetric debris-flow inundation area using the USGS Laharz framework (Iverson et 
al., 1998). Rather than using the semi-empirical relationships that were developed for non-fire related debris flows, 
we used purely empirical equations that were developed by Bernard (2007) specifically for post-fire debris flows, 
A=0.26V0.40 and B=7.4V0.81, where A is the maximum cross-sectional area of the flow, B is the total planimetric area 
inundated by the flow, and V is the total volume of material produced by the debris flow. We selected the point of 
deposition onset to be the point at which channel slope decreased below 16 degrees, which was where deposition 
began in the August 18, 2017 event. This criterion resulted in onset of deposition proximal to fan heads. For basin 
67, the predicted planimetric area inundated using the minimum of field-measured volume is much less than the 
observed, whereas the empirically estimated volume, which is consistent with the upper range of field-measured 
volume, matches observations well (Fig 5). Debris-flow inundation area was also estimated using volumes from the 
empirical volume model for a 5-year storm (38 mm/hr) for three drainages with 30% or greater probability of post-
fire debris flow occurrence during a 5-year storm, as well as Basin 20, because its historical activity pre-fire. For all 
basins analyzed, debris flows are expected to impact Interstate 80 for a five-year storm event (Fig. 5). 
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4. Discussion and Conclusion
Analysis of pre- and post-fire rainfall runoff in the Farad fire burn scar revealed an amplified rainfall-runoff 
response following fire. Pre-fire, many moderately steep and moderately vegetated basins were historically inactive 
despite experiencing peak 15-minute rainfall intensities exceeding 50 mm/hr, and which triggered debris flows in 
adjacent more prone basins. Post-fire, one of these historically inactive basins that was almost completely burned at 
high to moderate severity, had a significant debris flow in response to peak 15-minute rainfall intensity of <26 
mm/hr, whereas historically active basins that were not burned, or only burned at low severity, showed no response. 
This amplified rainfall-runoff response is consistent with fire-induced changes in soil hydraulic properties for which 
we measured post-fire decreases of a factor of 2 in field saturated hydraulic conductivity and post-fire decreases of a 
factor of 4 in sorptivity. Debris-flow initiation pre- and post-fire occurred within ~30 minutes of significant rainfall 
intensities and appeared to be related to rainfall-runoff initiation mechanisms described by Kean et al., 2013. 
Field measurements of the August 18, 2017 post-fire debris-flow event showed it was moving quickly (greater 
than ~2 m/s), had a large peak discharge (~33 m³/s) and was transporting boulders just above Interstate 80; by all 
measures it was a flow that far exceeded a clear water flow out of such a small basin. Event-volume estimates from 
field measurements ranged between 1270 - 4700 m3 depending on assumptions made about pre-event channel 
geometry and volumes of hillslope sediment transported. Comparisons between post-event field observations and 
predictions from post-fire empirical models were favorable. Basins with the highest probability of debris-flow 
occurrence experienced debris flows, predicted debris-flow volumes were within the observed range, and predicted 
area inundated by debris flows closely matched that seen on post-event imagery. Predictions from these empirical 
models for a five-year rain event highlight the potential for post-fire debris flows to impact Interstate 80 in the 
future. Debris racks or nets, increasing channel conveyance capacity into existing debris basins and creating 
additional debris basins upstream of Interstate 80 would likely decrease debris-flow hazard. 
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